Crystallization of an initially amorphous Fe 77.5 Si 13.5 B 9 melt spun alloy was studied by in situ hot stage transmission electron microscopy. The morphology of the crystal was initially equiaxed, followed by a morphological transition to an unusual solid state dendrite morphology. This morphological transition is generally observed after the crystal size reaches a critical value of about 45 nm. The experimental results of dendrite growth and the morphological transition are compared to theoretical predictions. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2201049͔
Crystallization of an initially amorphous Fe 77.5 Si 13 .5 B 9 melt spun alloy was studied by in situ hot stage transmission electron microscopy. The morphology of the crystal was initially equiaxed, followed by a morphological transition to an unusual solid state dendrite morphology. This morphological transition is generally observed after the crystal size reaches a critical value of about 45 nm. The experimental results of dendrite growth and the morphological transition are compared to theoretical predictions. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2201049͔
Fe-Si-B alloys have been studied and used for many years since they exhibit good soft magnetic properties; most reports focused on alloys with 5 -10 at. % Si and 75-78 at. % Fe.
1-4 However, since the development of superior soft magnetic material based on the Finemet composition ͑Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 ͒ more attention has been paid to Fe-Si-B alloys with more than 10 at. % Si. [5] [6] [7] [8] [9] In the present work, a Fe 77.5 Si 13.5 B 9 amorphous alloy was selected based on the composition of the Finemet alloy but without the usual additions of Cu and Nb elements, since it is well known that these elements affect the crystallization processes.
The crystallization process of amorphous metallic FeSi-B alloys has been studied earlier: Bang and Lee examined the microstructure and kinetics of crystallization of an initially amorphous Fe 78 B 13 Si 9 alloy by X-ray diffraction ͑XRD͒, differential scanning calorimetry ͑DSC͒, differential thermal analysis ͑DTA͒, and conventional transmission electron microscopy ͑TEM͒ techniques. 10 Using DSC and conventional TEM techniques Bhatti and Cantor examined the crystallization mechanism and products of the same alloy composition. 7 The crystallization process of an amorphous Fe 75 Si 19 B 6 alloy with and without Cu additions has been studied by means of DSC and TEM techniques.
5, 6 The crystallization of an initially amorphous Fe 77.5 Si 13.5 B 9 alloy was found by conventional TEM studies to exhibit a dendritic morphology. 8, 9 Constitutional supercooling has been suggested as the main factor leading to a dendritic morphology, 11 but constitutional supercooling ignores the stabilizing effect of the interfacial energy. Mullins and Sekerka showed that the dendritic morphology resulted from the "point effect" of diffusion and showed that there is a perturbation wavelength above which the point effect dominates and instability prevails. 12, 13 The Ivantsov expression for the diffusion field ahead of an isolated growing paraboloid is widely used to describe dendrite growth.
14 The marginal stability criterion has been shown to be in reasonable agreement with experimental observations. 15 The present work uses in situ hot stage TEM experiments which provide direct observation of the kinetics of microstructural changes. We observed a solid state dendrite formation with a transition from equiaxed to dendritic morphology in this alloy. The results are compared with theoretical predictions. 12, 13, 15, 16 The material used is a 20 m thick and 25 mm wide ribbon, prepared by a single wheel melt spinning process. The Fe 77.5 Si 13.5 B 9 alloy is amorphous in the as-received condition as verified by TEM analysis. The samples were cut into 3 mm disks and ion milled. A high vacuum JEOL 2000X TEM ͑200 kV͒ was used. Observations followed in situ heating. A Si plate sample holder was used and a thermocouple was used for temperature measurement. The temperature was increased from room temperature until 400°C and held for 30 min; subsequently at 25°C intervals the specimen was left to thermally stabilize for 30 min and the observations were recorded.
Bright field micrographs and selected area diffraction pattern ͑SADP͒ of the specimen before heating confirm that the specimen is initially amorphous. In the initial stage of crystallization after annealing at 500°C for 300 s, many equiaxed crystals ͑about 6 nm in size͒ and a few dendritic crystals of the Fe-Si phase were observed ͑Fig. 1͒. An equiaxed to dendritic morphological transition could be observed in several of the equiaxed crystals after the specimen was annealed at 500°C for 306 s, and interfacial instability was observed when the crystal radius is about 45 nm ͑bright arrow in Fig. 2͒ nucleation of new, initially equiaxed, crystals. Annealing for longer time resulted in dendrite arm lengthening and thickening, and four perpendicular dendrite arms could be observed, consistent with growth along ͗100͘. 7 Dendrite branches with lengths up to 70 and 100 nm were observed after annealing for 312 and 360 s, respectively. The maximum length of the dendrite arm is 170 nm as the annealing time was increased to 480 s ͑Fig. 3͒. An interesting aspect is that the larger dendrite arms are composed of several independent crystals. 8, 9 Figures 1-3 show the development of the dendritic morphology; there appears to be a critical value of crystal size for an equiaxed to dendritic morphological transition. This is consistent with the Mullins-Sekerka analysis that spheres undergoing diffusion controlled growth into a supersaturated matrix are unstable above a critical size, 12, 13, 17 ͑the critical value of the crystal size is predicted to be seven times of the critical radius of nucleation theory͒; above this critical size, the sphere is unstable otherwise the spherical morphology is stable. Figure 2 suggests that the critical nucleation size is roughly about 6 nm, while the critical size for dendrite formation was about 45 nm, consistent with the MullinsSekerka model. The Mullins-Sekerka model was developed for a spherical morphology; later work showed that a similar analysis applies to the present case. 15, 16 Nesbit and Laughlin suggested that supersaturation inhomogeneity is the main factor leading to directional growth. 16 During diffusion toward a growing square shaped crystal, the supersaturation is higher at the corners than at the faces. This inhomogeneity becomes more pronounced as the crystals grow; the square shape becomes unstable and directional growth occurs in the direction of greatest supersaturation and highest growth rate. This supersaturation during dendrite formation in earlier work was confirmed using the energy dispersive spectroscopy ͑EDS͒ method for measuring Si concentration and electron-energy-loss spectroscopy ͑EELS͒ methods for B mapping. 9 The B and Si compositions within the dendrite arm and in the matrix are different; the Si content is higher in the matrix compared to the dendrite arms while a large difference in B content was also observed. 9 A square shape with instability at the corners is shown by the dark arrow in Fig. 2 . Due to higher supersaturation at corners compared to at faces, instabilities are observed after 312 s, four branches stretch out from corners of the initial square shape.
The marginal stability hypothesis suggests that the tip radius of a dendrite growing into a liquid corresponds to the smallest unstable perturbation of a plane front growing under the same conditions of temperature and compositions. The dominant factor for the stability of the dendrite was identified as the dimensionless parameter .
where d 0 is the capillarity length, is the radius of curvature at the tip of the paraboloid, D is the diffusion coefficient, and v is the interface velocity. If the dimensionless parameter exceeds a critical value, capillarity forces stabilize directional growth of the dendrite. If is less than the critical value the dendrite becomes unstable against protrusion forming deformations; defines when the protrusion is marginally stable. The tip radius of dendrite ͑͒ was calculated from a parabolic curve fitted to the TEM micrographs; its value is about 18 nm and is approximately independent of annealing temperature. 19 The growth rate estimated from the TEM micrographs is 2.3ϫ 10 −9 m/s. Using the above values in Eq. ͑1͒, was found to lie between 0.013 and 0.031 which lies in the range of theoretical predictions: = 0.06, 20 = 0.0195, 21 and = 0.025. 22 Hence the dendritic growth in this alloy satisfies the theories of Mullins-Sekerka and Langer. In summary, the crystallization of an initially amorphous melt spun Fe 77.5 Si 13.5 B 9 alloy was studied by in situ hot stage TEM. Crystallization was found to occur by the formation of equiaxed crystals of the Fe-Si phase; this equiaxed morphology was found to change to a dendritic morphology when the crystal radius reached a critical value of about 45 nm. This dendrite formation is con- 
